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Abstract 
The addition of Cr2O3 into a ZnO-based varistor composition was systematically investigated. All samples had the 
general chemical formula was Zn0.96Bi0.02Co0.02-xCrxOβ (x = 0, 0.005, 0.01 and 0.02) and prepared by solid-state 
processing. Addition of chromium had a great influence on several microstructural characteristics which, in turn, 
resulted in different varistor behaviors. All samples could be sintered up to 90% at 900°C which could be attributed 
to liquid-phase sintering; though densification rate of Cr-added samples was greatly reduced especially below 900°C.  
Such retardation in sintering might be possibly related to differences in phase formation among different 
compositions. X-ray diffraction (XRD) of the samples sintered at 1000°C revealed a higher degree of multi-phasic 
nature upon increasing amount of chromium. Secondary phases include ZnCr2O4, Bi2O3 and Zn-Bi-O compounds. 
Scanning electron microscopy (SEM) showed that the first phase was distributed all over the microstructure. The 
latter two phases, however, were found mostly in the grain boundary region and are likely associated with the 
mechanism of liquid-phase sintering. Surprisingly, these two liquid phases could not be detected in the non-Cr 
sample by XRD in spite of the similar initial amounts of Bi2O3 in all samples. This finding indicates possible 
alterations in both crystallization and phase formability in this varistor system. Besides the phasic unconformity, 
grain growth was also affected. Increasing amount of chromium significantly reduced the averaged grain size of the 
ZnO main phase (from 6.3 μm at x = 0.005 to 4.5 μm at x = 0.02). The smaller grains among these samples could be 
related to the presence of chromium itself which somehow possibly plays a role in atomic diffusion during sintering. 
In addition, the induced crystallization of the liquid phases, as confirmed by XRD, might also be responsible for grain 
boundary pinning, inhibiting grain growth during heat treatment. Samples with smaller grain sizes yielded a better 
varistor property; the breakdown voltages were improved (up to 740 V/cm) when the amount of chromium was 
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increased from 0 to 0.02. This improvement was likely related to a higher volume of grain boundary phases which 
were widely proposed to facilitate the non-linear behavior in ZnO-based varistor materials. 
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1. Introduction 
Zinc oxide (ZnO) has been used as a main material for varistors and surge arresters [1]-[5]. These 
applications are currently employed to protect electronic components from voltage transient in the grid 
system. The non-linear properties of varistor depend mainly on both composition and microstructural 
features. Several dopants (CoO, Cr2O3, MnO, Al2O3, Sb2O3) and additive (Bi2O3) are typically required to 
obtain the appropriate non-linear behavior [2]-[3]. Liquid-phase sintering is common in the ZnO-based 
system in which bismuth acts as a sintering aide. Different dopants have been reported to display different 
roles regarding non-linearity [3]-[9]. Chromium doping has been stated to yield better varistor properties 
via reduction in grain size (larger volume of grain boundary) [4]-[6]. However, in those systems, a lot of 
dopants were simultaneously present in the composition, imparting difficulty in analyzing the “true” 
effect of chromium. This study aimed at investigating the effect of Cr2O3 addition on both microstructure 
and non-linear properties of a simple ZnO-based varistor composition (Zn0.96Bi0.02Co0.02-xCrxOβ where x = 
0.00, 0.005, 0.01, and 0.02) synthesized by solid state processing. Correlations among sinterability, phase 
formability, microstructural morphology and varistor characteristics will be analyzed.    
2. Experimental 
This study used a general chemical composition of Zn0.96Bi0.02Co0.02-xCrxOβ where x = 0.00, 0.005, 
0.01, and 0.02). β indicates the number of oxygen determined from each composition. High-purity ZnO, 
Bi2O3, CoO and Cr2O3 were weighed according to each stoichiometry The mixtures were ball-milled with 
alumina balls in ethanol for 20 hours and dried at 120°C for 20 hours. Pelletization was done at 200 MPa 
into pellets of 8 mm in diameter and approximately 3 mm in thickness. The pellets were sintered at 
temperatures ranging from 800°C to 1200° with a ramping rate of 5° per minute. Densification was 
investigated through bulk or geometric density measurement. The theoretical density was taken to be 
5.713 g/cm3 (JCPDS #75-0576). Phase formation of the crushed sintered samples was examined by X-
rays Diffraction (XRD, Rigaku, model D/max-2200/PC, 40 kV and 20 mA, Cu KD) The microstructure 
was investigated by Scanning Electron Microscopy (SEM, Camscan, MX 2000). The line-intercept 
method was used to calculate the average grain size. Particle size distribution was done using at least 300 
grains. I-V measurement was done using silver as electrodes with operating voltages up to 250 V. The 
breakdown voltage was determined at 1 mA/cm2.  
3. Results and Discussion 
Densification of the varistor pellets is shown in Fig. 1. All compositions, except the undoped one (x = 
0), displayed a drastic increase in density in the range of 800°C and 900°C. The theoretical densities of 
more than 90% were readily obtained at the sintering temperature of 900°C; no significant changes were 
detected at higher temperatures. The slight reduction in the density up to 1200°C might be caused by 
volatilization of bismuth, leaving behind some degree of porosity on the surface of the pellets. The 
undoped pellet could be sintered well at 800°C, signifying the important role of bismuth as a sintering 
aide through liquid-phase sintering.  
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of CEO of Sustainable Energy System, 
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On the contrary, the doped samples (x = 0.005, 0.01 and 0.02) did not possess high sinterability at 
800°C even though they also contained bismuth as an additive which should have helped aid 
densification. Such retardation in sintering for these samples inevitably inferred to the presence of 
chromium as a plausible main culprit for this phenomenon. The negative effect of chromium became 
clearer at the sintering temperature of 900°C at which the relative density of the x = 0.02 sample lagged 
behind others by more than 6%.  
To examine the dependence of phase formation on different compositions, XRD was employed on 
sintered pellets. All samples were crushed by hand-grinding in an agate mortar until very fine powders 
were obtained; this way insured that the information from XRD represented a bulk characteristic. Figure 2 
displays XRD patterns of  the Zn0.96Bi0.02Co0.02-xCrxOβ  samples sintered at 1000°C for 6 hours. Five major 
reflections were indexed with Miller indices of the zincite phase (JCPDS #75-0576). Several secondary 
phases were detected, including Bi2O3 (α ,β and γ phases), spinel Zn2CrO4 (JCPDS #22-1107) [5], and 
unknown phases (Zn-Bi-O compounds). Figure 3 also displays the XRD patterns of the Zn0.96Bi0.02Co0.02-
xCrxOβ  samples sintered at 1200°C for 6 hours. The major reflections still remained those of zincite. 
However, the intensities of other secondary phases became noticeably lower, signifying that these phases 
might be those of low melting temperature. 
A higher degree of multi-phasic nature was clearly observed in the samples with higher amounts of 
chromium. The undoped sample contained only γ-Bi2O3 as a secondary phase (within the detection limit 
of XRD). Other polymorphs of Bi2O3 gradually emerged with increasing chromium. Such occurrence 
suggests a complex nature of phase transformation as well as crystallization during high-temperature 
processing in these samples. Because XRD is capable of detecting only crystalline phases, the presence of 
various crystalline Bi2O3 phases insinuates possibly a decreasing amount of liquid (amorphous) Bi2O3 
deemed necessary for liquid-phase sintering. Besides crystalline Bi2O3 phases, unknown reflection of Zn-
Bi-O compounds were detected in the doped samples, further supporting the previous explanation of 
consumption of liquid Bi2O3 into other crystalline phases. In addition, the absence of Cr2O3 and related 
phases could be accounted for by emergence of small Zn2CrO4 reflections as well as limited solubility 
limit of chromium in ZnO. The overall effect of the multi-phasic nature will be further described in the 
SEM results. 
 
Fig. 1 Density profile of Zn0.96Bi0.02Co0.02-xCrxOβ  samples sintered for 6 hours at various temperatures.  






The microstructures of the samples sintered at 1000°C and 1200°C for 6 hours are shown in Figure 3 
and Figure 4. Both possessed similar features, so only those from 1200°C will be discussed here. The 
backscattering (BEI) mode was also employed to differentiate different phases. All grains were equiaxed 
with no outstanding anisotropy.  In agreement with the XRD results, the microstructures appeared to be 
heterogeneous, composing of three distinguishable phases. The first was the major grains of ZnO which 
are the largest among the three (> 1 μm). The second type of phase was much smaller (in the submicron 
range) and usually situated along grain boundaries. Its shape changed, with increasing chromium content, 
from being rounded to being well-defined octahedral crystal-like. The third phase (white lines in the BEI 
images) occurred predominantly along grain boundaries and appeared to be similar to liquid films wetting 
around the major grains [3],[8]. The extent of wetting seemed most complete in the x = 0.005 sample and 
got lessened for the samples with higher amount of chromium. This third phase could be considered as a 
liquid, amorphous phase strongly believed to facilitate diffusion and enhance sintering in any Bi-
containing ZnO system.  
 
Fig. 2. XRD patterns of Zn0.96Bi0.02Co0.02-xCrxOβ  samples sintered at 1000°C for 6 hours. (Ⴄ) β-Bi2O3, (▲) α-Bi2O3, (●)γ-Bi2O3, 
(Ⴗ) ZnCr2O4, (*) Zn-Bi-O. 
Fig. 3. XRD patterns of Zn0.96Bi0.02Co0.02-xCrxOβ  samples sintered at 1200°C for 6 hours. (Ⴄ) β-Bi2O3, (▲) α-Bi2O3, (●)γ-Bi2O3, 
(Ⴗ) ZnCr2O4, (*) Zn-Bi-O. 
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 The existence of at least three phases, as confirmed by both BEI and XRD, is believed to strongly 
affect the kinetics of grain growth. Upon doping chromium from x = 0 to x = 0.005, the average grain size 
increased from 4.4 μm to 6.3 μm. However, grains became smaller afterwards (5.5 μm for x = 0.01 and 
4.5 for x = 0.02). The initial enhancement in grain growth might be related to a high degree of wettability 
observed in Figure 4(d) for the x = 0.005 sample. The monotonic reduction in grain size with increasing 
amounts of chromium [4-6] coincided with flourishing formation of the secondary, octahedrally-shaped 
small grains. These grains were confirmed by Energy Dispersive Spectroscopy (EDX) to comprise Zn, Cr 
and O as main species (data not shown). Hence, they were likely a Zn2CrO4 phase which has also 
previously been detected by XRD.  
Given concurrent occurrence of both large and small grains, grain size distribution was analyzed as 
shown in Figure 6. A narrow distribution profile was found for the x = 0 sample with a size range 
between 2 and 7 μm. The profile altered tremendously in the x = 0.005 sample; the distribution became 
widened (0.5 μm to 13.5 μm) with a large fraction being smaller than 2 μm. Upon increasing the amount 
of chromium up to x = 0.02, the proportion of grains being smaller than 2 μm became larger, and the 
maximum grain size was reduced from 13.5 μm to 9 μm. Although these distribution profiles could not 
imply the exact values of the average grain size, they did displayed a trend in grain size and further 
confirmed the previously calculated data on the average grain size from the line-intercept method. 
 
 
 Fig. 4. SEM images of Zn0.96Bi0.02Co0.02-xCrxOβ samples sintered at 1000°C for 6 hours. Mode SEI (a) x = 0 , (b) x = 0.005, (c) x = 
0.01 ,(d)  x = 0.02 and mode BEI (e) x = 0, (f) x = 0.005, (g) x = 0.01 ,(h) x = 0.02 
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The fact that there were two ranges of trend in grain size (initial increase from x = 0 to x = 0.005 and 
final reduction afterwards) suggests a very peculiar characteristic of grain growth in this Zn-Bi-Co-Cr 
system. Grain growth is a complicated process usually accompanying sintering and densification. It was 
previously found that sintering was retarded at the temperatures lower than 1000°C for the samples with 
chromium doping. Although no SEM images were obtained at these temperatures, the microstructures 
from the samples sintered at 1200°C (Figure 4), with similar relative densities (93% - 94%), might be 






Sintering has been known to frequently result in grain growth although there are some exceptions. First 
of, the kinetics of grain growth in most varistor systems is closely associated with liquid-phase sintering. 
The liquid or amorphous films coating each grain are crucial for this mode of sintering. As observed in 
Figure 5, the x = 0.005 sample possessed the greatest extent of liquid-phase in terms of both the film or 
layer thickness and the wettability. Because grain growth is a diffusion-controlled process, the liquid-
phase films help enhance both diffusion and mass transport during sintering at high temperatures, 
resulting in the largest averaged grain size (x = 0.005) among the four samples. The disappearance of the 
Fig. 5. SEM images of Zn0.96Bi0.02Co0.02-xCrxOβ samples sintered at 1200°C for 6 hours. Mode SEI (a) x = 0 , (b) x = 0.005, (c) x = 
0.01 ,(d)  x = 0.02 and mode BEI (e) x = 0, (f) x = 0.005, (g) x = 0.01 ,(h) x = 0.02 
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liquid, grain boundary phase in the x = 0.01 and x = 0.02 samples, therefore, reduced the effectiveness of 
liquid-phase sintering, resulting in both smaller averaged grain sizes and lower bulk densities. Such 
disappearance was coincidental to the formation of octahedral spinel Zn2CrO4 phase. This secondary 
phase could possibly serve as a grain growth inhibitor via grain boundary pinning effect. The size 
distribution profile in Figure 6 also supports this assumption. The x = 0.02 sample, with no visible liquid 
phase along the grain boundaries, contained the highest fraction of the submicron grains (Zn2CrO4 phase) 









Fig. 6. Grain size distribution in the Zn0.96Bi0.02Co0.02-xCrxOβ  samples sintered at 1200°C for 6 hours. (a) x = 0, (b) x = 0.005, (c) x 
= 0.01 ,(d)  x = 0.02. 
Fig. 7. I-V characteristics of the Zn0.96Bi0.02Co0.02-xCrxOβ  samples sintered at 1200°C for 6 hours. (a) x = 0, (b) x = 0.005, (c) x = 
0.01 ,(d)  x = 0.02. 
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In addition to enhancement in grain growth, liquid-phase sintering also induces abnormal grain 
growth. Although no drastic difference in ZnO grain size was observed in all samples, certain features in 
the microstructures (Figure 4 and Figure 5) could be noted and pointed out. The surfaces of many grains 
were not smoothly curved; rather, sub-grains could be noticed. It is likely that the grains observed in 
Figure 5 were still in the intermediate step during the coalescence process. The kinetics of grain growth 
must have been so fast that some pores, secondary phase or even liquid phase were still trapped within the 
newly formed grains. In some cases, a triple junction could still be seen within a new grain. These 
microstructural features undoubtedly reaffirmed abnormal grain growth which is typically associated with 
liquid-phase sintering. 
Grain size has been reported to influence the non-linear properties; smaller grains usually yielded 
higher breakdown voltages. This trend has been explained by an increase in the grain boundary volume 
mainly responsible for the non-linear phenomena. Figure 7 shows the I-V characteristics of the 
Zn0.96Bi0.02Co0.02-xCrxOβ samples sintered at 1200°C for 6 hours. The samples sintered at 1000°C did not 
display non-ohmic behavior. The values of breakdown voltage (at 1 mA/cm2), along with other relevant 
data, are summarized in Table 1. Note that all samples were approximately of similar relative densities. 
Thus, the effect of porosity could be taken out of consideration. The breakdown voltage follows the trend 
in grain size in an opposite direction. The decrease of EB in the x = 0.005 sample (from 510 V/cm to 395 
V/cm) was accompanied by an enlargement in the averaged grain size (from 4.4 μm to 6.3 μm). 
Subsequent increasing amount of chromium suppressed grain growth, resulting in higher breakdown 














x = 0 93.1 4.4 510 
x = 0.005 93.3 6.3 395 
x = 0.01 93.2 5.5 680 
x = 0.02 94.0 4.5 740 
4. Conclusions 
The effect of chromium on the microstructure and electrical properties was investigated in the 
Zn0.96Bi0.02Co0.02-xCrxOβ  samples. Sintering up to 90% in relative density could be achieved at 900°C due 
to liquid-phase sintering. Retardation in sintering in the Cr-doped samples is believed to be related to a 
higher degree of multi-phasic nature. Secondary phases include ZnCr2O4, Bi2O3 and Zn-Bi-O compounds 
were detected. The microstructural finding suggests possible modifications in both crystallization and 
phase formability in these varistor samples. Besides the phasic heterogeneity, grain growth was also 
greatly influenced. Increasing amount of chromium significantly reduced the averaged grain size of the 
ZnO main phase (from 6.3 μm at x = 0.005 to 4.5 μm at x = 0.02). Slower grain growth kinetics could be 
associated with the presence of chromium which might affect atomic diffusion during sintering. Samples 
with smaller grain sizes yielded a better non-linear behavior; the breakdown voltages were improved up 





Table 1. Relative density, averaged grain size and breakdown voltage of the Zn0.96Bi0.02Co0.02-xCrxOβ  samples sintered at 1200°C for 6 
hours.  
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